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ABSTRACT 
VOCs (volatile organic compounds) can cause great harm to human health especially benzene, 
toluene and ethylbenzene. In this work a Quartz Crystal Microbalance (QCM) sensor with a 
polymer/plasticizer film was developed to quantify the VOCs both in air and water. QCM is an 
acoustic wave sensor that can be used well in detecting the aromatic compounds in the film. 
Because more than one VOC is present in the air, this thesis focuses on finding the sorption of 
different ratios of VOCs (benzene, toluene, ethylbenzene) using a polymer/plasticizer film in QCM. 
Poly (ethyl methacrylate) (PEMA) was used as the polymer because its solubility parameter is 
close to BTEX compounds and DINCH as the plasticizer which can decrease the glass transition 
temperature of PEMA and enhance sorption in the film. The experiment apparatus consists of a 
QCM cell, solvents bubblers, controllers linked with a frequency counter and computer and a vapor 
dilution system supported by the nitrogen tank. The data are output by LabVIEW software in the 
computer. The results indicate that benzene, toluene, ethylbenzene and their mixtures in different 
ratios had good sorption and could be distinguished by using this PEMA/DINCH film in a QCM. 
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CHAPTER 1: INTRODUCTION 
1.1 Motivation 
In industrial production, there are a lot of factors such as liquid, gas, dust, thermal radiation, 
noise, radioactive rays, electricity and some chemical factors that can cause not only pollution of 
the production environment, but also harm to human health. Identifying, predicting, eliminating 
and controlling these various harmful factors is very important for safety in production. Also, it’s 
important to prevent people’s exposure to these factors in their daily life. In order to obtain the 
state and information on different kinds of hazard sources, it is necessary to convert this 
information into observable physical quantities by physical or chemical methods. Among these 
kinds of methods, Quartz Crystal Microbalance (QCM) sensor (also called Piezoelectric Quartz 
Crystal sensor) is a wide-used sensor due to its simple structure, small size, low cost, short response 
time, high sensitivity and many other advantages. 
Among of these kinds of pollutants, VOCs (volatile organic compounds) are among the most 
dangerous. Most VOCs have unpleasant odor, toxicity, irritation, teratogenicity and 
carcinogenicity, especially benzene, toluene, ethylbenzene and formaldehyde, which can cause 
great harm to human health. To monitor these VOCs, polymer with plasticizer film in Quartz 
Crystal Microbalance (QCM) sensor was developed to quantify the VOCs both in air and in water1. 
It can detect very low concentrations such as ppm-level. It is rare that just one harmful compound 
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exists in natural environment, so this paper focus on finding the sorption of different ratios of 
VOCs with using polymer/plasticizer film in QCM. Benzene, toluene and ethylbenzene were 
chosen as the solvents.  
1.2 Background 
1.2.1 Development of Quartz Crystal Microbalance (QCM) 
In 1880, the Curie brothers (Pierre Curie and Jacques Pierre)2 found that when a quartz crystal 
is deformed by external force in a certain direction, polarization will occur in its interior. At the 
same time, the opposite positive and negative electric charges will be generated at both ends of the 
crystal. This phenomenon is called the piezoelectric effect. In that period, piezoelectric sensing 
technology was used only in the physics field.  
In 1959, Guenter Sauerbrey3, a professor in the Institute of Physics, Technical University of 
Berlin studied the oscillation rule of quartz crystal in the gas phase. He described the relationship 
between quartz resonance frequency and adsorption mass in the form of the famous Sauerbrey 
equation (see equation 1). This equation provided the foundation for the application of QCM as a 
sensor. 
                            ∆𝑓 = −
2𝑓0
2
𝐴√𝜌𝑞𝜇𝑞
∆𝑚                                (1) 
where, ∆𝑓 − Frequency change (Hz) 
       ∆𝑚 − Mass change (g) 
        𝑓0 −  Resonant frequency (Hz) 
         𝐴 − Piezoelectrically active crystal area (𝑐𝑚2) 
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       𝜌𝑞 − Density of quartz 
       𝜇𝑞 − Shear modulus of quartz 
Sauerbrey successfully introduced the piezoelectric effect into the sensor field. He has made great 
contribution to the rapid development of QCM senor measurement. 
In the 1960s, King4 did a series of pioneering works, that really applied piezoelectric quartz 
crystal to detection. In 1964, King4 opened the protective shell of the piezoelectric apparatus and, 
coating some sensitive material film on the surface of quartz crystal, he used this coated quartz 
crystal to design a device that was called “piezoelectric adsorption sensor”. He succeeded in 
measuring trace amounts of water and hydrocarbons in the atmosphere using this sensor. In 
comparison with other detection devices, this kind of sensor has many merits such as good 
selectivity, high sensitivity, simple structure, take small area and good stability. Such merits 
attracted many people to be interested in the “coated piezoelectric crystal base” sensor. 
Over the next 20 years, the QCM sensor was widely used in gas phase testing in order to 
improve sensitivity and detectability. Studies of QCM in the gas phase tend to coat the surface of 
quartz crystal with organic compounds and biological components, allowing it to sorb special 
gaseous substrates. The research group led by Guilbault5 applied the sorption and coating 
technology of various sensitive materials to many kinds of pollution in the atmosphere such as: 
ammonia, formaldehyde, carbon monoxide, sulfur dioxide, hydrogen sulfide, hydrogen chloride, 
nitrotoluene and especially aromatic compounds like benzene, toluene and ethylbenzene. In early 
gas phase analysis, there was no fixed bioactive material on the surface of the crystal in the sensor. 
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In 1983, Guilbault5 and his group fixed a film of formaldehyde dehydrogenase to the surface of 
piezoelectric quartz crystal for the first time and successfully made an enzyme piezoelectric 
biosensor for formaldehyde detection. In 1986, Ngeh-Ngwainbi6 et al. successfully introduced 
immune response to gas phase analysis. The research was done by Guilbault et al. and Ngeh-
Ngwainbi et al., who vigorously promoted the development of QCM sensor. 
In the early development of the QCM sensor, the sensor was difficult to oscillate stably 
because of its high energy consumption in liquid phase. Bastiaans and Konash7 first made a bold 
attempt in the design of liquid phase-detection sensor. They improved the circuit of the sensor, and 
for the first time the sensor oscillated stably when the liquid touched the quartz crystal just on one 
side. Zhou and Yao8 also did a lot of research in the liquid QCM field, and systematically studied 
the oscillation status of piezoelectric quartz crystal sensor in electrolyte aqueous solution and 
various organic solvents. In 1982, Nomura and Okuhara9 first showed the empirical formulas that 
combined the change of frequency of the sensor and the square root of liquid density and viscosity. 
In 1985, Kanazawa and Gordon10 applied from the principles of fluid mechanics and obtained the 
equation of the radiation from crystal vibrations into the depth of liquids. 
                                          δ = (
2𝜂𝑙
𝜔𝜌𝑙
)
1
2                                     (2)  
where, 𝜂𝑙 − Viscosity of liquid 
       𝜌𝑙 − Density of liquid 
From that, they proposed the famous Kanazawa-Gordon equation: 
                         Δ𝑓 = −𝑓1.5√𝑛𝜂1𝜌1/𝜋𝜇𝑞𝜌𝑞                            (3) 
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where, 𝑛 − Harmonic number 
       𝜂𝑙 − Viscosity of liquid 
       𝜌𝑙 − Density of liquid 
       𝜌𝑞 − Density of quartz 
       𝜇𝑞 − Shear modulus of quartz 
In the same year, Birkenstein and Shay11 also obtained a similar equation and verified the equation 
through experiment. These researchers not only proved the QCM can work in liquid phase but also 
promoted the rapid development of liquid QCM. 
After years of development, QCM sensors have been widely and successfully used in various 
fields. 
1.2.2 The Application in Gas Phase 
From the 1960s, people started to use QCM in determination of gas composition. The gas-
phase QCM is mostly used in detection of toxic and explosive gases in the air. By placing an 
absorptive film made for adsorbing specific gases on the surface of QCM electrodes (in the crystal 
cell), these gases will be adsorbed from air by the adsorptive films. Adsorbed gas molecules will 
affect the surface quality of the QCM electrodes and it will change the resonant frequency of QCM. 
Therefore, by detecting the change of resonance frequency, people can determine whether there 
are such gases in the air and the amount of these gases. 
1.2.3 The Application in Liquid Phase 
Because of resonance frequency in QCM is directly proportional to the square root of liquid 
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density and viscosity, it is possible to measure the viscosity and density of liquids by changing the 
resonant frequency of QCM. At the same time, by continuously monitoring the change of QCM 
resonance frequency, it also can monitor the change of liquid viscosity and density. In industry, the 
liquid phase QCM can be used in testing the quality of oil products, etc. and, in medicine, it can 
also be used to detect the rheological properties of blood, etc. 
1.3 Introduction and the principle of Quartz Crystal Microbalance (QCM) 
1.3.1 Introduction of Quartz Crystal Microbalance (QCM) 
Quartz Crystal Microbalance sensor is a new sensor measurement technology established in 
the 1960s. At first it was used to measure the thickness of vacuum films. This application mainly 
utilizes the linear relationship between the frequency variation and mass load of the quartz crystal. 
Through correction, the thickness of vacuum film can be directly displayed. QCM sensor mainly 
utilizes the sensitivity of quartz crystal oscillator to quantity, it can monitor the subjects under test 
by monitoring the change of resonance frequency of coated quartz crystal. In actual operation, the 
quartz crystal is placed in a closed cell that links to the device, film is coated on to the surface of 
the quartz crystal, the frequency changes and can be used to determine the thickness of film. At 
present, the research and application of QCM sensor are not only used in gas detection, it already 
has involved almost every possible field. It has many advantages and that makes the QCM sensor 
one of the most popular research topics in the field of sensors nowadays.  
QCM sensors generally use AT-cut piezoelectric quartz crystal as the core element, because 
the temperature coefficient of all piezoelectric quartz crystals is zero at room temperature1. Quartz 
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crystal microbalance is made by an upper and lower surface of piezoelectric quartz crystal deposits 
with metal electrodes (Au or Pt)1. When the quartz crystal is connected with the oscillating circuit 
and applied alternating electric field in it, according to the inverse piezoelectric effect of quartz 
crystal, we can know that the piezoelectric quartz crystal will vibrate because of the mechanical 
deformation. When the natural frequency of the piezoelectric quartz crystal is the same with the 
oscillating circuit, resonance occurs, the oscillation reaches the most stable state. When the surface 
of the quartz crystal absorbs other materials, it will change the mass of the whole crystal and then 
change the frequency of the quartz crystal. The decreasing of the frequency has quantitative 
relationship with the mass of the materials on the surface of the crystal. According to this principle, 
people can coat various sensitive films on the surface of the crystal and use the adsorptive effect 
of the films to convert the frequency signal to concentration for detecting. 
At present, the theoretical research of quartz crystal microbalance technology is basically 
mature, and its application research also involves many aspects. Searching for new sensitive film 
materials and exploring ways to enhance the selectivity of the sensitive film is still the focus of 
QCM sensor development. 
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1.3.2 The Principle of Quartz Crystal Microbalance (QCM) 
Sensors are devices that can sense specified measurements and convert them into output 
signals according to certain rules. They are usually composed of sensitive elements, conversion 
elements and corresponding electronic circuits. Figure 1 shows the structure of sensor. 
The core component of QCM sensor is a piezoelectric quartz crystal which is used as sensing 
element and conversion element, through the piezoelectric effect of the quartz crystal to sense and 
make energy conversion1. Sensitive materials such as organic polymers and metal oxides are 
coated on the surface of quartz crystals to form sensitive films, which are used as identification 
elements. When the sensitive film adsorbs the gases be measured on its surface, because quartz 
crystal resonator is sensitive to mass, the frequency of the quartz crystal resonator adsorbing the 
gases will be slightly lower than that before adsorption. The relative change of its own frequency 
can be used to detect and analyze the gases. 
1.3.3 Piezoelectric Effect 
The core component of the QCM sensor is piezoelectric quartz crystal. When a quartz crystal 
is subjected to external forces in a certain direction, polarization occurs in the interior, at the same 
Sensitive element Conversion element Sensitive circuit 
Auxiliary power 
Measured quantity Electric quantity 
Figure 1. The structure of sensor 
9 
 
time, there will be an equivalent charge with opposite electrode on two surfaces; When the external 
force is removed, it will return to uncharged state and when the direction of the force changes, the 
polarity of the charge also changes. The amount of charge generated by the force exerted on the 
quartz crystal is proportional to the magnitude of the external force. This phenomenon was called 
“Positive piezoelectric effect”. Conversely, if a certain electric field is applied to the quartz crystal, 
a mechanical deformation will occur. When the external electric field disappears, the deformation 
will also disappear. This phenomenon was called “Inverse piezoelectric effect”. QCM (Quartz 
Crystal Microbalance) was designed based on the “Inverse piezoelectric effect”. 
Within the ambient temperature range, the piezoelectric coefficient and dielectric constant of 
quartz crystal hardly change with temperature, so it has good temperature stability. When the 
temperature is between 20 and 200 degrees Celsius, the piezoelectric coefficients of quartz crystals 
change slightly (only reduce 0.016%) with each 1-degree Celsius increase with temperature. 
Because of these properties, quartz crystals are very suitable for making sensors with high 
precision. 
1.4 Plasticization 
A plasticizer is a kind of polymer material additive widely used in industrial production. Any 
substance added to a polymer material that will increases the plasticity of the polymer can be called 
a plasticizer. The use of plasticizers can improve the properties of polymer materials, reduce 
production costs and improve production efficiency. Plasticizer is an important additive for 
chemical products, which are widely used in plastics, concrete, mortar, cement, gypsum, cosmetics 
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and cleaning agents12-13.  
Plasticization is the effect of increasing the flexibility of macromolecular chains or the 
plasticity of polymers. This is usually achieved by adding small molecular substances with high 
boiling point, low volatility and good compatibility with polymers. The mechanism of 
plasticization is generally believed that due to the addition of plasticizer, the interaction force 
between molecular chains is weakened, it shows that the glass transition temperature decreases14. 
Polymer/plasticizer film play an important role in testing VOCs in QCM, as they change both the 
rate of sorption and the amount sorbed at equilibrium. 
1.5 Previous Work 
Our group has done much work in the gas phase QCM. Sorption of Benzene, Dichloroethane, 
Chloroform and Dichloromethane by Polyethylene Glycol, Polycaprolactone and Their 
Copolymers at 298.15 K Using a Quartz Crystal Microbalance reported by Iyer15; Sorption of 
Benzene, Toluene and Ethylbenzene by Plasticized Poly (Ethyl Methacrylate) Using Quartz 
Crystal Microbalance at 298.15K reported by Kaur; Sorption of Benzene, Toluene and 
Ethylbenzene by Plasticized PEMA and PEMA/PMMA Sensing Films Using a Quartz Crystal 
Microbalance (QCM) at 298.15K reported by Adapa. These papers reported sorption data of 
various solvents with different polymer/plasticizer films. That information is useful for the current 
research, which focuses on the dynamics and equilibrium of sorption and includes multiple 
analytes. The modeling approach in this work is based on the work of Josse et al.16, who studied 
sorption of single and mixed solvents from aqueous solutions onto a SAW sensor. 
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1.6 Thesis Organization 
By continuing testing the sorption of solvents in gas phase QCM, my thesis focuses on 
knowing the sorption of different ratios of mixture solvents. Five chapters comprise this thesis. 
Chapter 1 is the introduction which talks about the motivation of doing this thesis and the 
background knowledge of QCM sensor and polymer/plasticizer films. It also describes the 
previous work done by our group. Chapter 2 shows the materials that are used in the experiment, 
the procedure of the experiment and the design of the apparatus. Chapter 3 discusses the modeling 
approach used in this study. Chapter 4 includes the analysis of the data and the results of the 
experiment. Finally, the conclusion of this thesis and suggestions for future work are in chapter 5. 
At the end of this thesis, some additional graphs and forms are placed in the Appendix. 
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CHAPTER 2: EXPERIMENTAL APPARATUS AND PROCEDURE 
2.1 The Materials 
Benzene with the purity ≥ 99.9%, toluene with the purity ≥ 99.5% and ethylbenzene with 
the purity ≥  99% were purchased from Sigma-Aldrich and are used as the solvents in the 
experiment. Also, the polymer poly (ethyl methacrylate) (PEMA) with molecular mass as 
340000g/mol was purchased from Sigma-Aldrich and the plasticizer 1,2-Cyclohexane 
dicarboxylic acid, diisononyl ester (DINCH) with molecular mass as 424.7g/mol was purchased 
from Hexamoll DINCH-BASF. Structures of PEMA and DINCH are shown in Table 1. 
Table 1. Structure of the material 
Material Structure 
Poly (ethyl methacrylate) (PEMA)  
DINCH  
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The 5 MHz frequency AT-cut quartz crystals supplied by Phillip Technologies (Greenville, 
South Carolina) with good piezoelectric and mechanical properties were used in this study. The 
crystals were coated and wrapped by a well-polished gold electrode; it allows the electric current 
pass through the front surface. This quartz crystal has 1-inch diameter and 0.013 inches thickness, 
the range of operating frequency is 4.976-5.020 MHz with the range of resistances is 6-10 ohm. 
The quartz crystal has good stability and sensitivity. Quartz crystals of the type used in this work 
are shown in Figure 2. 
 
Figure 2. The two surfaces of quartz crystal 
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2.2 Experimental Apparatus 
The experiment apparatus consisted of the QCM cell, solvents bubblers, controllers linked 
with frequency counter and computer and a vapor dilution system supported by the nitrogen tank. 
The Ultra-high pure (UHP) nitrogen was ordered from Airgas, it was used in a pressure range 
between 40psi to 50psi. Two 100 sccm mass flow controllers were purchased from MKS. The 
quartz crystal microbalance digital controller (QCM200) and 5 MHz crystal oscillator (QCM25) 
were purchased from Stanford Research Systems.   
Figure 3. Experimental apparatus 
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Figure 4. Schematic diagram of the apparatus 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. The QCM cell 
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Figures 3, 4, 5 show the design of the experimental apparatus. T1 is the nitrogen; MFC1 and 
MFC2 are two mass flow controllers; I1, I2, I3, I4 are the four solvents bubblers (impingers); 
FV1A-4A and FV1B-4B are normally closed solenoids that are computer controlled; HX1 is a 
recirculating chiller used for keeping the temperature in the bubbler as a constant (around 15°); 
HX2 is another recirculating chiller used for keeping the temperature in the cell as the room 
temperature (25°); HX3 is a separate heat exchanger. The data from the apparatus were collected 
by the software LabVIEW in the computer. 
2.3 Procedure 
The procedure of the experiment consists of four steps: preparing the polymer/plasticizer 
solution, spin-coating, test by the LabVIEW software and collect the data, and the cleaning of the 
crystal.  
2.3.1 Preparation of Polymer/Plasticizer Solution 
In order to choose the solvent that can be used for preparing the polymer/plasticizer solution, 
Hansen solubility parameters are very helpful as they can determine which two materials can mix 
and dissolve well. 
(𝑅𝑎)
2 = 4(𝛿𝑑2 − 𝛿𝑑1)
2 + (𝛿𝑝2 − 𝛿𝑝1)
2
+ (𝛿ℎ2 − 𝛿ℎ1)
2                (4) 
where, 𝑅𝑎 − solubility parameter distance between two materials 
       𝛿𝑑 − The energy from dispersion forces between molecules 
       𝛿𝑝 − The energy from dipolar intermolecular force between molecules 
       𝛿ℎ − The energy from hydrogen bonds between molecules 
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The relative energy difference (RED) of the system is given by: 
                                RED =
𝑅𝑎
𝑅0
                                   (5) 
where, 𝑅0 − radius of sphere in Hansen space 
From this equation, if RED > 1 , the solution won’t dissolve; if RED = 1 , the solution will 
partially dissolve; if RED < 1 , the solution will dissolve well. In this study, chloroform and 
toluene can be chosen as the solvent of the polymer/plasticizer solution. 
Chloroform was chosen as the solvent, poly (ethyl methacrylate) (PEMA) was chosen as the 
polymer and DINCH was chosen as the plasticizer in this thesis. In order to get the PEMA with 5% 
DINCH solution, a total of 0.5g PEMA and DINCH were dissolved in 20mL chloroform. For 5% 
DINCH and 95% PEMA, there are 0.0264mL DINCH and 0.475g PEMA added to the chloroform, 
the solution was sonicated for 2 hours, then kept at room temperature over night to make sure 
dissolution was complete.  
2.3.2 Spin Coating 
Spin coating technology was used to form the film from the polymer/plasticizer solution, 
because it removes the solvent with the centrifugal force and lets the polymer/plasticizer remain 
as a film. The thickness of the film depends on the time and the speed in the spin coating. In this 
study, 300μL solution was coated on the surface of the quartz crystal, the speed was set five steps: 
100rpm, 1000rpm, 5000rpm, 7500rpm and 10000rpm, each step took one minute. The frequency 
for the crystal after coating had a drop 2000-3000Hz from the baseline frequency. The spin coater 
is shown in Figure 6. 
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2.3.3 Data Collection 
Data collection is done through LabVIEW software. LabVIEW can be used to collect 
frequency with time, the resistances and the weight fractions. When the test starts, the nitrogen 
tank, the frequency counter, chillers, MKS controllers and the computer need to be switch on for 
Figure 6. Spin coater 
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collecting the data. Bubbler 1, 2, 3, 4 was filled with pure solvents (pure solvents are benzene, 
toluene and ethylbenzene) or different ratios solvents (ratios are 20:80, 40:60, 60:40, 80:20). First, 
a clean crystal was placed in the cell to test the baseline frequency. After coating, the crystal is 
placed back into the cell, purged for some time until the frequency stabilizes and the coated 
frequency is recorded. Then, nitrogen is introduced to bubbler 1 and frequency is recorded until 
equilibrium is reached. Next, the cell is purged with nitrogen until the frequency returns to the 
coated frequency. The same steps are then repeated with bubbler 2, 3 and 4. The data were output 
in a excel file. 
 
 
 
 
 
 
 
 
 
2.3.4 Cleaning of the Crystal 
The cleaning process is removal the polymer/plasticizer film on the surface of the crystal. The 
coated crystal was wrapped with Kim-wipe and placed it in the Soxhlet extractor which connected 
Figure 7. Front panel of LabVIEW 
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with a condenser. Chloroform was used in the extractor as the same solvent with the 
polymer/plasticizer solution so that the film can easily dissolve. The cleaning process took around 
4-5 hours, then crystals were washed by deionized water and dried by nitrogen. The Soxhlet 
extractor is shown in Figure 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Soxhlet extractor 
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CHAPTER 3: MODELING 
3.1 Introduction 
Chapter 3 introduces a model for polymer/plasticizer solutions and a modified model used in 
this study and also indicates the reason why the original model was not used. 
3.2 Model for Polymer/Plasticizer Film 
When using a sensor, the sensor response curves to binary mixtures from aqueous solution were 
modeled by Josse et al. 17 using a dual exponential fit of the form: 
∆𝑓(𝑡) = −𝑎𝐾1𝐶1 (1 − 𝑒
(−
𝑡
𝜏1
)
) − 𝑎𝐾2𝐶2 (1 − 𝑒
(−
𝑡
𝜏2
)
) (6) 
where, ∆𝑓(𝑡) −  the frequency change as a function of time 
𝜏1, 𝜏2 − the respective response time constants to analytes 1 and 2 obtained from single-
analyte measurements 
      𝐶1,  𝐶2 −  the concentrations of the two solvents in the aqueous mixture 
      𝐾1, 𝐾2 −  partition coefficients of the two solvents in the aqueous mixture 
If the response to each analyte is known from single-analyte measurements, then the analyte 
concentrations can be readily extracted. 
3.3 Model in This Study 
In this study, a model is needed to describe the dynamic behavior of sorption, not just the 
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equilibrium behavior. Equation 6 was found not to fit our data. A modified model derived from 
equation 6 was used in this work, the data for benzene, toluene and ethylbenzene from quartz 
crystal microbalance were fit to the model below16: 
∆𝑓(𝑡) = ∆𝑓0 (1 − 𝑒
(−
𝑡
𝜏
)
𝑛
)                             (7) 
where, ∆𝑓0 − the equilibrium frequency shift due to sorption 
       ∆𝑓(𝑡) − the frequency shift as a function of time 
       τ −  the response time constant 
       𝑛 − parameter that for providing the best fit of the model to the data 
       𝑡 − current time 
This model was extended to binary mixtures as shown below: 
∆𝑓(𝑡) = ∆𝑓1 ∗ (
𝑦1
𝑦1𝑝𝑢𝑟𝑒
) (1 − 𝑒
(−
𝑡
𝜏1
)
𝑛1
) + ∆𝑓2 ∗ (
𝑦2
𝑦2𝑝𝑢𝑟𝑒
) (1 − 𝑒
(−
𝑡
𝜏2
)
𝑛2
)       (8) 
where, ∆𝑓1, ∆𝑓2 − the equilibrium frequency shifts for different solvents 
       𝜏1, 𝜏2 − the response time constants 
       𝑛1, 𝑛2 − the parameters 
       𝑦1, 𝑦2 − the gas phase mole fractions for the solvents in the binary mixture 
       𝑦1𝑝𝑢𝑟𝑒, 𝑦2𝑝𝑢𝑟𝑒 −  the gas phase mole fractions from single solvent runs 
The value of tau, n and the frequency shifts were obtained from the QCM test for single solvents 
and equation 7. These values were then used in equation 8, which was fit to mixture data to obtain 
y1 and y2. These can be compared to the actual mole fraction (y1act, y2act) from vapor-liquid 
equilibrium calculation. 
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The methods to calculate y1pure, y2pure and y1act, y2act are shown below 
Liquid composition in bubblers: 
𝑛1 =
𝑉1𝜌1
𝑀𝜔1
                                  (9) 
𝑛2 =
𝑉2𝜌2
𝑀𝜔2
                                 (10) 
where, 𝑉 − the volume of solvent 
       𝜌 − the density of solvent at room temperature 
       𝑀𝜔1, 𝑀𝜔2 − molecular weight 
Mole fractions: 
𝑥1 =
𝑛1
𝑛1+𝑛2
                                (11) 
𝑥2 =
𝑛2
𝑛1+𝑛2
                                (12) 
Vapor composition passing bubblers: 
𝑦1𝑏𝑢𝑏𝑏 =
𝑥1𝑃1
𝑠
𝑃
                               (13) 
𝑦2𝑏𝑢𝑏𝑏 =
𝑥2𝑃2
𝑠
𝑃
                               (14) 
where, 𝑃1
𝑠 , 𝑃2
𝑠 − vapor pressure at 15°C of solvents 
       𝑃 − total pressure (1 atm)  
𝑦1𝑏𝑢𝑏𝑏 𝑝𝑢𝑟𝑒 =
𝑃1
𝑠
𝑃
                              (15) 
𝑦2𝑏𝑢𝑏𝑏 𝑝𝑢𝑟𝑒 =
𝑃2
𝑠
𝑃
                              (16) 
𝑦1𝑝𝑢𝑟𝑒 =
𝑦1𝑏𝑢𝑏𝑏 𝑝𝑢𝑟𝑒
1+9(1−𝑦1𝑏𝑢𝑏𝑏 𝑝𝑢𝑟𝑒)
                         (17) 
𝑦2𝑝𝑢𝑟𝑒 =
𝑦2𝑏𝑢𝑏𝑏 𝑝𝑢𝑟𝑒
1+9(1−𝑦2𝑏𝑢𝑏𝑏 𝑝𝑢𝑟𝑒)
                         (18) 
Vapor compositions in the cell: 
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𝑦1𝑎𝑐𝑡 =
𝑦1𝑏𝑢𝑏𝑏
1+9(1−𝑦1𝑏𝑢𝑏𝑏−𝑦2𝑏𝑢𝑏𝑏)
                         (19) 
𝑦2𝑎𝑐𝑡 =
𝑦2𝑏𝑢𝑏𝑏
1+9(1−𝑦1𝑏𝑢𝑏𝑏−𝑦2𝑏𝑢𝑏𝑏)
                         (20) 
The saturated vapor pressure (𝑃1
𝑠, 𝑃2
𝑠) at solvent storage unit temperature and cell temperature can 
be calculated by the Antoine equation. 
log10 𝑃 = 𝐴 −
𝐵
𝐶+𝑇
                             (21) 
where, 𝐴, 𝐵, 𝐶 are component-specific constants 
Table 2. Antoine parameters for solvents (benzene, toluene and ethylbenzene) 
Antoine parameters 
(bar K) 
Benzene Toluene Ethylbenzene 
A 4.01814 4.07 4.0825 
B 1203.835 1419.31 1346.4 
C -53.226 -60.54 -53.1 
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CHAPTER 4: RESULTS AND DISCUSSION 
4.1 Results 
Data of sorption of benzene, toluene, ethylbenzene and the different ratios of mixture solvents 
with poly (ethyl methacrylate)/10% DINCH film are reported in this chapter. Four ratios of mixture 
solvents of benzene/toluene, benzene/ethylbenzene and toluene/ethylbenzene: (20:80), (40:60), 
(60:40), (80:20) were chosen in this experiment. As mentioned in the previous chapter, a purge 
time was needed before run with each bubbler that to make sure the frequency reached equilibrium 
Figure 9-16 shows the Time-Frequency curves of pure solvents and mixture solvents: 
benzene/toluene, benzene/ethylbenzene and toluene/ethylbenzene in ratios of (20:80), (40:60), 
(60:40), (80:20). Figure 17-28 shows the Time-Delta frequency curves that compare the sorption 
of pure solvents and mixture solvents.  
Then the model is applied. Figure 29-43 shows the frequency curve from experiment 
compared with the curve calculated by the model of three solvents (benzene, toluene, ethylbenzene) 
and their mixture solvents. Table 3 shows Tau and n values of three solvents calculated by equation 
7. Table 4-6 shows the y1, y2 values from the model (equation 8) compared to the y1act, y2act from 
calculation and is used to assess the method. 
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Figure 9. Time-Frequency curve of benzene, toluene and (20:80) benzene/toluene mixture 
solvent 
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Figure 10. Time-Frequency curve of benzene, toluene and (40:60), (60:40) benzene/toluene 
mixture solvent 
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Figure 11. Time-Frequency curve of benzene, toluene and (80:20) benzene/toluene 
mixture solvent 
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Figure 12. Time-Frequency curve of benzene, ethylbenzene and (20:80), (80:20) 
benzene/ethylbenzene mixture solvent 
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Figure 13. Time-Frequency curve of (40:60), (60:40) benzene/ethylbenzene 
mixture solvent 
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Figure 14. Time-Frequency curve of (20:80), (80:20) toluene/ethylbenzene 
mixture solvent 
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Figure 15. Time-Frequency curve of (40:60) toluene/ethylbenzene mixture 
solvent 
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 Figure 16. Time-Frequency curve of (60:40) toluene/ethylbenzene mixture 
solvent 
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Figure 17. Time-Delta frequency curve of benzene, toluene and (20:80) 
benzene/toluene mixture solvents 
Figure 18. Time-Delta frequency curve of benzene, toluene and (80:20) 
benzene/toluene mixture solvents 
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Figure 19. Time-Delta frequency curve of benzene, toluene and (40:60) 
benzene/toluene mixture solvents 
Figure 20. Time-Delta frequency curve of benzene, toluene and (60:40) 
benzene/toluene mixture solvents 
36 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21. Time-Delta frequency curve of benzene, ethylbenzene and (20:80) 
benzene/ethylbenzene mixture solvents 
Figure 22. Time-Delta frequency curve of benzene, ethylbenzene and (80:20) 
benzene/ethylbenzene mixture solvents 
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Figure 23. Time-Delta frequency curve of benzene, ethylbenzene and (40:60) 
benzene/ethylbenzene mixture solvents 
Figure 24. Time-Delta frequency curve of benzene, ethylbenzene and (60:40) 
benzene/ethylbenzene mixture solvents 
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Figure 25. Time-Delta frequency curve of toluene, ethylbenzene and (20:80) 
toluene/ethylbenzene mixture solvents 
Figure 26. Time-Delta frequency curve of toluene, ethylbenzene and (80:20) 
toluene/ethylbenzene mixture solvents 
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Figure 27. Time-Delta frequency curve of toluene, ethylbenzene and (40:60) 
toluene/ethylbenzene mixture solvents 
Figure 28. Time-Delta frequency curve of toluene, ethylbenzene and (60:40) 
toluene/ethylbenzene mixture solvents 
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Figure 29. The frequency curve from test compared with the curve calculated by the 
model of benzene 
41 
 
 
 
 
 
 
Figure 30. The frequency curve from test compared with the curve calculated by the 
model of Toluene 
Figure 31. The frequency curve from test compared with the curve calculated by the 
model of Ethylbenzene 
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Figure 30. The frequency curve from test compared with the curve calculated 
by the model of (20:80) benzene/toluene mixture solvent 
Figure 31. The frequency curve from test compared with the curve calculated by 
the model of (80:20) benzene/toluene mixture solvent 
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Figure 32. The frequency curve from test compared with the curve calculated by 
the model of (40:60) benzene/toluene mixture solvent 
Figure 33. The frequency curve from test compared with the curve calculated by 
the model of (60:40) benzene/toluene mixture solvent 
44 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 34. The frequency curve from test compared with the curve calculated 
by the model of (20:80) benzene/ethylbenzene mixture solvent 
Figure 35. The frequency curve from test compared with the curve calculated by 
the model of (80:20) benzene/ethylbenzene mixture solvent 
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Figure 36. The frequency curve from test compared with the curve calculated by 
the model of (40:60) benzene/ethylbenzene mixture solvent 
Figure 37. The frequency curve from test compared with the curve calculated by 
the model of (60:40) benzene/ethylbenzene mixture solvent 
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Figure 38. The frequency curve from test compared with the curve calculated by 
the model of (20:80) toluene/ethylbenzene mixture solvent 
Figure 39. The frequency curve from test compared with the curve calculated by 
the model of (80:20) toluene/ethylbenzene mixture solvent 
47 
 
‘ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 40. The frequency curve from test compared with the curve calculated by 
the model of (40:60) toluene/ethylbenzene mixture solvent 
Figure 41. The frequency curve from test compared with the curve calculated by 
the model of (60:40) toluene/ethylbenzene mixture solvent 
48 
 
Table 3. Tau and n values of solvents 
Solvents Tau value n value 
Benzene 186.8 0.908 
Toluene 282.7 0.806 
Ethylbenzene 613.7 0.691 
 
Table 4. y1, y2, y1act, y2act values of benzene/toluene mixture solvent 
Solvent 
1 
Solvent 
2 
Ratios y1 y2 y1act y2act |∆𝑦1| + |∆𝑦2| 
Benzene Toluene (20:80) 0.001112 0.001948 0.001846 0.001731 0.000951 
Benzene Toluene (40:60) 0.004093 0.001026 0.003593 0.001263 0.000737 
Benzene Toluene (60:40) 0.000545 0.002491 0.005247 0.00082 0.006373 
Benzene Toluene (80:20) 0.004891 0.000921 0.006817 0.000399 0.002448 
 
Table 5. y1, y2, y1act, y2act values of benzene/ethylbenzene mixture solvent 
Solvent 
1 
Solvent 2 Ratios y1 y2 y1act y2act |∆𝑦1|
+ |∆𝑦2| 
Benzene Ethylbenzene (20:80) 0.001351 0.000539 0.002037 0.00052 0.000705 
Benzene Ethylbenzene (40:60) 0.004012 0.000424 0.003856 0.000369 0.000211 
Benzene Ethylbenzene (60:40) 0.003364 0.000594 0.00549 0.000234 0.002468 
Benzene Ethylbenzene (80:20) 0.005131 0.000258 0.006967 0.000111 0.001983 
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Table 6. y1, y2, y1act, y2act values of toluene/ethylbenzene mixture solvent 
Solvent 
1 
Solvent 2 Ratios y1 y2 y1act y2act |∆𝑦1|
+ |∆𝑦2| 
Toluene Ethylbenzene (20:80) 0.000061 0.000653 0.000492 0.000536 0.000548 
Toluene Ethylbenzene (40:60) 0.000056 0.00066 0.000959 0.000392 0.001171 
Toluene Ethylbenzene (60:40) 0.000254 0.000596 0.001403 0.000255 0.00149 
Toluene Ethylbenzene (80:20) 0.001138 0.000304 0.001824 0.000124 0.000866 
 
4.2 Discussion 
From figure 9-16, volatile organic compounds benzene, toluene and ethylbenzene can be 
easily distinguished by using poly (ethyl methacrylate) with 5% DINCH film in the quartz crystal 
microbalance. The frequency shift caused by benzene was around 70Hz; by toluene was around 
60Hz and by ethylbenzene was around 50Hz. 
Figure 17-28 showed the frequency shift of mixture solvents compared with single solvents. 
It shows that the frequency shift of different ratios of mixture solvents always lies between the two 
components (single solvents). If one component comprises a larger fraction of the mixture, the 
frequency shift of the mixture will be closer to that component (single solvent). 
Figure 29-31 showed the dimensionless frequency-time curve of single solvents (benzene, 
toluene and ethylbenzene) from experiment and calculated by the single solvent model (equation 
7). The blue one is the experiment curve and the orange one is the calculated curve. We chose 
dimensionless frequency because the equilibrium frequency shift not exactly same for several runs 
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for each single solvent. In order to minimize the error of the frequency shift, the dimensionless 
frequency was used in the single solvent model (divide ∆𝑓0 to the left let the ∆𝑓𝑑= (𝑓−𝑓0)/ (𝑓𝑒−𝑓0)). 
By comparing the test curves with calculated curves, it was clear that the test curves are similar to 
the calculated curves. 
Figure 32-43 showed the frequency curves of different ratios mixture solvents from 
experiment and the curves calculated by the binary model (equation 8). The blue one is the 
experiment curve and the orange one is the calculated curve. It shows the experiment curves are 
similar to the calculated curves. This means the model fits our data. However, there are still some 
defects like the curves in the figure 31, 35, 43 where the experiment curves and calculated curves 
don’t agree perfectly. More single solvent tests can be run in the future to improve that. 
Table 3 showed Tau and n values of three solvents calculated by equation 7. Table 4-6 showed 
the y1, y2 and from the model (equation 8) was compared to the y1act, y2act from calculation.  
|∆𝑦1| + |∆𝑦2| is |𝑦1 − 𝑦1𝑎𝑐𝑡| + |𝑦2 − 𝑦2𝑎𝑐𝑡| and provides a single measure of the promise of 
quantifying individual species with this approach. By comparing the y1act, y2act with y1, y2 via the 
|∆𝑦1| + |∆𝑦2| number, it can be seen that for nearly all these ratios of mixture solvents, the model 
provides reasonable estimated of y1 and y2. Benzene/ethylbenzene mixtures were predicted the 
best followed by benzene/toluene mixtures which were better predicted than toluene/ethylbenzene 
mixtures. 
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CHAPTER 5: CONCLUSION AND FUTURE WORK 
5.1 Conclusion 
This thesis showed the benzene, toluene, ethylbenzene and their mixtures in different ratios 
had good sorption and could be distinguished by using poly (ethyl methacrylate) with 5% DINCH 
film on a quartz crystal microbalance. The results are interpreted by the model with y, tau and n 
values, that suggest this polymer/plasticizer film has promise for detecting these BTEX mixtures. 
5.2 Future Work 
The same work can be repeated in the future with different films, such as poly (methyl 
methacrylate) and more co-polymers, and can be used with various plasticizers at different levels 
such as 5%, 7.5% and 10% DIOA, DBP, DBS, BS etc. Also, instead of choosing 4 ratios at 2 
solvents, more solvents can be mixed with even more ratios. Also, this work may be applied to the 
liquid phase in the future and be used to detect the VOCs in the water. 
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APPENDIX A: ADDITIONAL INFORMATION 
 
 
 
 
 
Figure a 1. Time-Frequency curve of benzene, ethylbenzene and (50:50) 
benzene/ethylbenzene mixture solvent for PMMA/DINCH (7.5%) film 
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Figure a 2. Time-Frequency curve of benzene, ethylbenzene and (50:50) 
benzene/ethylbenzene mixture solvent for PEMA/DINCH (5%) film 
